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/ Presentation Outline \

* Objective
e Schedule
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e Background & Motivation
 Progressto Date
— Experimenta Studies
» CAD models of test rig PRCLR
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/ Presentation Outline \

(Continued)

— Analytical Studies
» Kinematics/Dynamics
» Secondary Motion
» Piston/Cylinder Lubrication

» Piston Ring — Cylinder Liner Lubrication
e Results
e Future Work
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/ Overall Objectives \

* The objectives of this study are to analytically and
experimentally investigate the effects of surface
patterning and features (e.g. dimples, negative
skewness, etc.) on the lubrication mechanism of
the piston ring and cylinder liner (PRCL)
Interface.
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4 Objectives N\

(continued)

 Task 1. Analytical study objectives: Develop CFD
models to simulate mixed, boundary and full film
lubrication conditions (TBD & BDC) of the piston
rng’s motion in the cylinder liner. The model will
then be extended to Investigate surface patterning
and feature effects on lubrication condition and
friction reduction at the piston ring cylinder liner
Interface.

« Corroboration of analytical and experimental

\ results. |
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/ Objectives \

(continued)

e Task 2: Experimental studies objectives:

— Design and develop a bench scale test rig operating
under ambient condition.

— Modify a single cylinder bench scale IC test rig
capable of operating in the presence of natural gas.

e The test rigs will be used to measure friction between
commercially available and surface pattern rings and
cylinder liners operating under various conditions.
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Project Schedule

TASK 1
Recruitment of students
Literature search and familiarization
Preparation for qualifying exams
Course work
Development of lubnication model
Corroboration of results

Preparation of thesis & dissemination of results

TASK 2
Design & development of CAD drawings
Construction of PRCLM
Evaluation & shake down of PRCLM
Using PRCLM under various conditions

Corroboration of results

Preparation of thesis & dissemination of results
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/ Per sonnel \

e Recruited two Research Assistants

» Nathan Bolander, Ph.D Graduate Student
v Analytical Work

v Experimental Work
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/ Motivation \

o 201t0 40 percent of engine frictional |osses are
attributable to the piston-ring assembly (Jeng, 1992)

 Thelargest frictional forceisfound in the operating
region surrounding TDC, the mixed lubrication
regime (Akalin & Newaz, 2001)

* Previous computational models have shown
significant gainsin tribological performance when
micro-dimples are introduced (Zhao & Sadeghi,
2001).
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/ Background & Motivation \

Surface Roughness Parameters (Definitions)

. . _ 1 g
» Arithmetic Mean (R) Ra = =—[,"'yldx

m

1 (m
 Root Mean Square (RMS) Rq = \/—jo y “dx

* Skewness (S,) SK:%% " yoax
Ry(mm) Ry(mm) S (mm)
t o Suraced 0.09 01151 0.8285
« Surface?2 0.09 01151 -0.8285
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/ Background & Motivation \

(Surface Roughness Effects on Pressure)

e XU and Sadeghi 1996 and Zhao et. a. 2000 have demonstrated that
surfaces with identical Ra = 0.09um & RMS = 0.1151um and different
skewness can markedly affect the pressure distribution and

conseguently friction between bodies in contact.
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a) Skewness = -0.8285um b) Skewness = 0.8285um
Pressure distribution between rough surfaces.
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Background & Motivation
(Smooth Mixed Lubrication Model)

 Mixed Lubrication Model for Heavily L oaded Point Contact:
Zhao & Sadeghi

Pressure Film Thickness Pressure Film Thickness
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/ Background & Motivation \

(Corroboration of Experimental & Analytical Results)

« Mixed Lubrication Model for Point Contact: Corroboration of analytica
(Zhao & Sadeghi 2001) & experimental results (Glovnea & Spikes 2002)

Experimental

Numerical
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Background & Motivation
(Surface Feature (pocket) Effects point Contact)

* Note Lubricant release from the pocket before complete surface

Predsues Firms Theknasa Predsues Firms Theknasa

Prediwrs Firms Theknasa Firms Theknasa




Experimental Investigation
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/Experimental Study Accomplishments\

e Designed & developed a bench scaletest rig
operating in ambient conditions to measure
friction at the contact of the PRCL Interface

-~

"q,
l Purdue University g?:f-:_-% Tribology Laboratory l
&



@ton Ring Reciprocating Cylinder Liner Test Rig

(Goals, variables & Attributes)

e Controllable conditions:

» load, speed, temperature & lubricant condition
v' Accommodate range of sample sizes:
» 2" t05-1/2" bore
» 9" x 9" carriage size
» Variable stroke: 1-1/2" t0 6”
» Variable speed direct DC drive
o Will not smulate all the details of an IC engine

e Can measure friction between piston ring, commercially
available liners and surface modified liners using a

\ piezoel ectric 3-axis force sensor /
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@ton Ring Reciprocating Cylinder Liner Test Rig

Balance Weight —_|
\ - ..:_. | Weight Hanger
vy ' & I
PN % | Slider Crank Mechanism
Pivot ] 9\\ ~— |— Ground Machine Base
..___ /
/ = .
Samples —‘b\
/

Linear Rails& Carriage

Adjustable Vibration ™| Variable Speed DC Motor

Dampening Feet
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/ Friction M easur ement \

3-AxisForce ___|
Sensor \
s~

Ees = o

Ring Holder —

PistonLiner ——

Connecting Rod —_

Variable Stroke
Crank Disk

%'
l Purdue University g‘;% } Tribology Laboratory l
&

s
S
S

4



/ Ring Holder Subassembly \

Pivot Arm —__

. T |
Fine Angular | a ]

Adjustment ™

3 Axis Force Sensor

Set Screw

PissonRing —_|

Cylinder Liner —

Reciprocating
Carriage
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/ Experimental Study \

(Piston Ring Reciprocating Cylinder Liner Test Rig - PRCLR)




/ Experimental Study \

(Piston Ring Reciprocating Cylinder Liner Test Rig - PRCLR)




/ Experimental Study \

(Piston Ring Reciprocating Cylinder Liner Test Rig - PRCLR)
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/ Experimental Study \

(Piston Ring Reciprocating Cylinder Liner Test Rig - PRCLR)
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/ Experimental Study \

(Piston Ring Reciprocating Cylinder Liner Test Rig - PRCLR)




/ Experimental Study \

(Piston Ring Reciprocating Cylinder Liner Test Rig - PRCLR)




/ Sample PRCL Friction Results \




/ Future Experimental Studies \

e Design & develop acrank dider (full piston & cylinder)
operating under ambient conditions to measure

> Friction
» Film thickness (using interferometry technique)
at the contact of OEM and laser machined PRCL interface

 Design & develop asingle cylinder enginetest rig
operating in the presence of natural gasto measure
friction at the contact of OEM and |laser machined PRCL
Interface

-~

"q,
Purdue University f%‘: = Tribology Laboratory
S O




/Future Full Size Piston Cylinder Machine
(To be Constructed)

Piston

Electric Motor L oad Cell

Support Table Frame

Cylinder Liner




ﬁtureSingle or two Cylinder Engine Test Rh
(To be Constructed)

LOAD CELL

‘/DYNO

DC MOTOR




Analytical I nvestigation
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/ Analytical Study Accomplishments \

e Hydrodynamic Lubrication of PRCL
« Elastohydrodynamic Lubrication of PRCL

« Kinematics, dynamics and secondary motion of the
crank slider mechanism play amajor role in the
performance of the piston ring and cylinder liner
Interface
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/ Ring Hydrodynamic Analysis \

Ring Section

Cylinder Section
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/ Piston Ring Deflection \

* Pistonring deflectsasa

ItS perimeter.

function of pressure acting on




/ Crank-Slider Analysis \

* |norder to gain acomplete understanding of the behavior
of piston ring cylinder liner interface, a kinematic and
dynamic analysis of the crank-slider mechanism s

necessary.

* The kinematics analysis describes the motion of every link
In the mechanism as a function of the input velocity and
acceleration.

 With knowledge of the velocity and acceleration of the
center of gravity of each link, the forces at every link and

joint can be determined.
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/ Kinematics \

Vector Loop Approach : R,+R,-R,-R =0

Position

R, cosf + R,cosf-R,cosfd-R cosfd =0 f ]
R,snd+R,snf-R,sinfd-Rsnf =0
Velocity
. : : R3 R4
-R6,snf,-R@,sind, -R, =0
R,8, cosd, + R, cosd, =0
Acceleration
-R6,sin8, -R,6?cosl, - R, sin8, —RG cosb,—R, =0

R0, cos8, —R.&:sind, + R, cosd, —RH2sind, =0
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/ Dynamic Analysis \

(FBD — Crank)

Fow T Fap =MA,,,
Foy + Fy =MA,,
Q—(R sinG, )R, +(R c0s,)Fy,, =R sind )m Ay, +(R cos, JmA,,, +1,a,

|:32




/ Dynamic Analysis \

(FBD — Connecting Rod)

— g T Fig =M A,
— kg TRy =MA,,

~(R sin6,)F.s, +(R cost))F,
- (I% S ng:;)mspb:’)x (I% Coseé)ms'%Sy +1.a,
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/ Dynamic Analysis \

(FBD — Piston) P

|:43x 14x = 4 Ab 4X X
~F

a3y T 14y - 4A\g4y B

\ R12 14x ~ (RnS'nH) 4A\g4x +(Ri1COS‘94)m4Ag4y +R13P |

(3 £y
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Dynamic Analysis \

\

10 1 0 0 0 0 0 0| Fy M, A,

0 1 0 1 0 0 0 0 0| Fy mA,,,

0 0 -R,sing, R,cosb, 0 0 0 1 0flF,, L,a, - (R, sin@,)m,A,,, +(R, cos; )m,A, ,,

0 0 -1 0 1 0 0 0 Of|Fy M,A

0 0 0 -1 0 1 0 0 OfF, += mA, >
00 0 0 -Rsing, Rycosd, 0 0 Of Fg, |, — (R, Sin@;)my A, + (R, cosél )my A5,

0 0 0 0 -1 0 1 0 0|| F, m4Ag4x — Px

0 0 0 0 0 -1 0 0 0|| Q m4Ag4y - Py

00 0 0 0 0 0 0 1j|RF, [-(Rsing,)mA,, +(R,cos6,)mA,,, ~RP

e 9 X 9 et of linear equations
» Solve using Gaussian Elimination
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Dynamic Analysis
(Validation using Working Model 2D)

Resultant force at crank pin

100 ~ 100

801 - 80

Resultant force at piston pin
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/ Secondary Motion of the Piston \

 |nthe kinematic analysis, the piston motion was
considered to be parallel to the axis of the cylinder.

 However, the piston can tilt and/or be offset
relative to the centerline of the cylinder.

e The secondary motion of the piston provides the
means through which the contact may react to the
side load imposed by the dynamics of the slider-
crank mechanism.
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/ Secondary Motion \

e Piston can be inclined and/or
offset relative to the center |in
of the cylinder e, & &, R L’[

e Forces acting on the piston
— Cylinder gas pressure (F,) ~] —,

— Frictional drag (F)

— Hydrodynamic Force (F,) i

— Dynamic Force (F3,)
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/ Secondary Motion \

mp{é (1—%} +e0(%ﬂ = —(mIOApy +F, +F, )tan¢ +F.
2(878) (12 (2| ia-t) . om,

LV
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/ Secondary M otion \

(Continued)

A pair of nonlinear equationsin e, &,
« Solve using Newton method

L2

F, :H P(6,y)Rcos8d&dy
00

_[ | P(6.y) RcosH](y - ypin) d &dy

L2
3 :”(EG_P+ &j Rddy
w2\ 20y
L2 =
h oP R
M. = ———+ —2 |Rcos@d &d
=T (35 sy
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/ Piston/Cylinder Typical Film Thickness \
h:{c—[eo—(eo—e[)%}cosé’}

Side View

Top View




/ Piston/Cylinder Secondary Motion \

* Note the Tilt of the piston

- _____
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/ Future Analytical Work \

e |nvestigate the effects of surface patterning on
lubrication of the PRCL interface

e Correlate the experimental and analytical results from
the PRCL rig

e |nvestigate the effects of piston secondary motion on
lubrication of piston ring cylinder liner interface

* |nclude the effects of the hydrodynamic lubrication of
the con-rod and wrist-pin bearings on the motion and
dynamics of the piston secondary motion.
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/ Summary \

A PRCL rig has been designed and developed
 PRCL rig will undergo testing & evaluation

e Preliminary design of future test rigs have been
compl eted.

A model for hydrodynamic lubrication of PRCL
Interface has been developed and validated.

A Model for piston dynamics and secondary motion
has been developed to better understand the
complicated (tilt) motion of the piston in the liner
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/ Summary \

(Continued)

 Theanalytical model will be used to investigate the
effects of surface patterning on lubrication of piston
ring cylinder liner interface.

e Analytical experimental results will be corroborated.
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